Replication factor-A (RF-A) is a three-subunit protein complex originally purified from human cells as an essential component for SV40 DNA replication in vitro. We have previously identified a functionally homologous three-subunit protein complex from the yeast Saccharomyces cerevisiae. Here we report the cloning and characterization of the genes encoding RF-A from S. cerevisiae. Each of the three subunits is encoded by a single essential gene. Cells carrying null mutations in any of the three genes arrest as budded and multiply budded cells. All three genes are expressed in a cell-cycle-dependent manner; the mRNA for each subunit peaks at the G~/S-phase boundary. A comparison of protein sequences indicates that the human p34 subunit is 29% identical to the corresponding RFA2 gene product. However, expression of the human protein fails to rescue the rfa2::TRP1 disruption.
The study of eukaryotic DNA replication has relied heavily on the use of biochemistry to identify factors involved in the replication of eukaryotic chromosomes. For example, studies on the replication of SV40 DNA in vitro have been particularly useful in identifying human cell proteins required for viral DNA replication. However, the issue of whether these proteins function to replicate the chromosomal DNA of the cell cannot be addressed by using biochemistry alone; therefore, we have turned to the yeast Saccharomyces cerevisiae. The yeast system provides the genetics to address this question, as well as the only known chromosomal origins of DNA replication for future biochemical studies.
The SV40 system is based on the observation that plasmids containing the SV40 origin replicate in the presence of a protein extract from human cells and the viral initiator protein large T antigen (T-Ag) Kelly 1984, 1985; Stillman and Gluzman 1985; Wobbe et al. 1985) . Human replication factors have been identified by biochemical fractionation of the cellular extract (Challberg and Kelly 1989; Stillman 1989; Hurwitz et al. 1990) , and many aspects of the replication process can now be reconstituted by using purified proteins (Matsumoto et al. 1990; Tsurimoto et al. 1990; Weinberg et al. 1990 ). Because T-Ag performs multiple initiation functions, including origin-specific DNA-binding and DNA helicase activities, most of the human components are involved in the elongation stage of DNA replication [DNA polymerase oL (PolR), DNA polymerase 8 (PolS), proliferating cell nuclear antigen (PCNA), replication factor-A (RF-A), replication factor-C (RF-C), and DNA topoisomerases I
and II] (Murakami et al. 1986; Prelich et al. 1987; Yang et al. 1987; Lee et al. 1989; Tsurimoto and Stillman 1989a; Weinberg and Kelly 1989; Melendy and Stillman 1991) .
Human RF-A (also called RP-A and human SSB) is a single-stranded DNA (ssDNA)-binding protein complex composed of 70-, 34-, and 11-kD subunits Fairman and Stillman 1988; Wold and Kelly 1988) . RF-A is unique among the cellular proteins in that it has been shown to cooperate with T-Ag prior to the onset of DNA synthesis. Kinetically, preincubation of the template DNA with T-Ag, DNA topoisomerase I, and RF-A overcomes the lag in synthesis that is normally required for the establishment of a prepriming complex. The result of this preincubation is an extensively unwound DNA template (form U; Dean et al. 1987; Wold et al. 1987; Bullock et al. 1989; Tsurimoto et al. 1989 ) that can be primed by PoloL. Subsequent elongation and switching of the polymerase complex to separate leading (PolS) and lagging (Pole~) strand polymerases represents the elongation stage of DNA replication (Tsurimoto et al. 1990; Tsurimoto and Stillman 1991) .
A role for RF-A in elongation has been inferred from its stimulatory effect on DNA polymerase activity with simple primer-template assays. At low levels of polymerase, RF-A stimulates PoloL activity four-to sixfold (Kenny et al. 1989; Tsurimoto and Stillman 1989b) . In the presence of RF-C and PCNA, RF-A stimulates Pol3 activity 10-fold (Kenny et al. 1989; Tsurimoto and Stillman 1989b) . Escherichia coli single-stranded DNA-binding protein (SSB) is unable to substitute for RF-A in some of these experiments, suggesting that the DNA polymerase stimulation is due to specific protein-protein interactions and not due simply to the effect of RF-A on the secondary structure of the template DNA. Indeed, monoclonal antibodies directed against individual subunits of RF-A inhibit these stimulatory effects (Kenny et al. 1990 ). RF-A also functions to inhibit reinitiation by Pol~ on existing primers. As a result, Pol~ synthesizes 300-to 400-bp products typical of lagging strand products (Tsurimoto et al. 1990) .
RF-A was identified in yeast extracts as a three-subunit protein complex consisting of 69-, 36-, and 13-kD subunits that cooperated with T-Ag and DNA topoisomerase I to unwind template DNA containing the SV40 origin of DNA replication. The yeast protein does not cross-react with antibodies raised against human RF-A, and it does not substitute for the human protein in the complete SV40 DNA replication reaction (Brill and Stillman 19891 . Like human RF-A, however, the yeast protein possesses a potent ssDNA-binding activity that is localized to the largest subunit (Brill and Stillman 1989; Wold et al. 1989; Kenny et al. 1990) . In addition, the 36/34-kD subunit of RF-A from both species is phosphorylated in a cell-cycle-dependent manner [Din et al. 1990) . The phosporylated form of this protein appears in S phase and persists until mitosis, at which time the protein becomes dephosphorylated. Phosphorylation of RF-A may function to regulate DNA replication; originunwinding experiments performed with T-Ag and crude human cell extracts indicate that G 1 extracts have a lower specific unwinding activity than do extracts prepared from cells in the S or Ga phases of the cell cycle (Roberts and D'Urso 1988) . G 1 extracts can be activated by a fraction, RF-S, that contains a kinase homologous to the p34 cdc~ kinase (D'Urso et al. 19901 . These results suggest a regulatory role for RF-A, potentially linking DNA replication to cell-cycle control mechanisms.
Although conclusive proof for a role for RF-A in chromosomal DNA replication is lacking, it is thought that RF-A may be the eukaryotic counterpart to such wellcharacterized SSBs as Escherichia coli SSB or T4 gene 32 protein. As a step toward obtaining genetic confirmation of the role of RF-A in chromosomal DNA replication, as well as its role in cell-cycle control, we have isolated and characterized the genes encoding RF-A from S. cerevisine. All three subunits of RF-A, including the 36-and 13-kD subunits, which apparently do not bind DNA, are required for viability. Cells lacking any of the three genes arrest as budded and multiply budded cells, mRNA for all three genes is expressed in a cell-cycle-dependent manner similar to genes known to be involved in DNA synthesis in S. cerevisiae. Finally, the RFA2 gene is unusual in that it contains an intron.
Results

Cloning the genes encoding RF-A
Tryptic peptides from each of the individual subunits of RF-A from S. cerevisiae were used to obtain internal amino acid sequence. Peptide sequences were used to design degenerate oligonucleotides as probes to obtain the genomic clones encoding each of the RF-A subunits (see Materials and methods). Figure 1 shows the genomic organization of the genes RFA1, RFA2, and RFA3 encoding the 69-, 36-, and 13-kD subunits, respectively. Protein-coding regions are boxed, and the direction of transcription is indicated by arrows. The chromosomal location of each of the RFA genes was obtained by physical mapping and is indicated in Figure 1 . The position of the RFA genes with respect to known genetic markers was made possible by aligning the physical and genetic maps: RFA 1 maps to the CEN1-ADE1 interval on the right arm of chromosome I, RFA2 maps distal to RAD50 on the left arm of chromosome XIV, and RFA3 maps distal to SRA3 on the left arm of chromosome X. There are no markers in these regions of the current genetic map that are likely to represent alleles of any of the RFA genes.
Sequences of the RFA genes
Nucleotide sequences were obtained for each of the genes encoding the subunits of RF-A. These DNA sequences are shown in Figure 2 , along with the predicted translation products. Each translation product contains amino acid sequences (underlined) that are identical to those obtained by direct amino acid sequencing. PstI  CTGCAGTAGG  CAAAGTTCCA  GATAACACAC  CACAAATACC CCATTTCCTT  50  AGAAGTTTGA  TGTGATCTAT  GTCAAATACT  AGCGGTGGCA  TAAAAACCTC  i00  CTCGCCTTTT  GCCGTTCTTT  TTGCATATAT GTTAATAGCT ATGCGCGTAC  150  CACCTTCTTC  AGCCATATAC  GAAAGGATCT  ATGCTAATTG  GGTGGATTTC  200  TTATCGCATC  ACTTTCTTAT  TCTCTAACTC  TTCTTCGCTG CTCAATAAAA  250  TATCTCTGCT  TGGAAAAATG  T~  AAATTAGACG AGGCGACAAA  300  A~A  ACTAACATAA AGGTT--'~TT GAACAAATGT TATCACTTTA  350  AGTTC---T'C~A~AC GTAAAACAAA  AACTATTCAC  TCTTCTTATT ACGGTAAAGG  400  CGAAACCAGCAAGAAGACCAGATTATACTTACAAGAGATGAGCAGTGTTCAACT  454  1  M  S  S  V  Q  L  TTCGAGGGGCGATTTTCATAGCATCTTCACCAATAAGCAAAGGTACGATAATCC  508  7  S  R  G  D  F  H  S  I  F  T  N  K  Q  R  Y  D  N  P  CACCGGTGGCGTTTATCAAGT  T TATAACACCAGGAAATCTGATGGGGCTAACAG  562  25 T TTTGTTAGCTTAATGTATCAAATAATCAAGTACTATTTAATCTATGTAACATAT  2344  619  L  L  A  GAGAAATGTA  AAAAAAAAAC  TTCTATTTCG  TCAAGTTTTT  GAAGGGCGGT  2394  TCAGCATCTC  TTGATGACTG  GATATGAAAC  TACACGTTCA  GTCATATGAA  2444  TTTGAACCCA  TAATGCACAA  ATGAATAAAA  ATGCTAACAA  ATTCTAATTA  2494  ATGGCATGGT  ACTAACACCC  AACAATTTAC  CGCCCTTTAG  GTGTACAGCT  2544  TCAAATAACA  AAGCTT  2560  HindIII   ~A2   Pstl  CTGCAGACAG  CAATAATTTT  GCATGCAATA ACGTCTCCAT  40  AATTTTGCAA  CCACTAGTTT  ACTTTTTGCC  TGGTCTGATA  80  GCTTCTTTTT  AGCAATTCCT  TTGGCCTCGA  TGAGCTTCCA  120  TTTTCAATTT  TCATCTTTTT  TTTCACGATG CGAAGTTTCT  160  TAGATAATTA  TCGCCATATA  TAGGAA~  200  ~TCTTTCCT  TTATAATAAG  C  TCAACTTAAG  240  GTGGAAGTAA  TGTGGCAAAA  TCGATAGCGA CTATCTAGAA  280  CAGGCTAGTTTAAGCATATACATAATGGCAAGTATGTAT  TAGTGC  325  1  M  A  T  TAGGAATTGGAGGATTTGCTCTTTTCTGCATCATTTTTTTTATTT  370 TTATTGGCGAATGTTAAAATTACTAACAATGGATGGGATTCCAAT 415 PvuII  CAGCTGCAAG  CACCCAACAA  GAACAGATGA  CAGCCAACAG  40  TCGTTGACTA  AGCTAATGGG  CCACTGCTGA  GAAGCATCCA  80  CCGCCCATGC  CATGGTTGGA  ATCATGACAA  GTCGCCCTAT  120  ATAATGCCTT  CGTTCTTTAA  TATT~AAATGTGG  160  CAA~  TATTTTTTTC  GTTCGTGTTT AAATAAAGAG  200  CAATATAACA  CACCCTTCAC  CATTCTTGTA  GAACATCGTC  240  TACCAGTAACACAAGTAAAAATGGCCAGCGAAACACCAAGAGTTG  285 TCTTACCTTT  ATGTACTGTT  GCCTCTATAT  GTCTTCCCTT  685  CATATAATAA  ATTCCATTTC  TAAAAAAATT  GTAGTTGTGT  725  TTATAGATGT  ATAGATAGAT  AAATGAATGT  GTACTTGCTG  765  CCTTAACGCC  TTCCGCTAAA  AACTTTTTGA  TATTTATTTT  805  ATTTTTAACC  TTTCCTGACT  TCAACCCTTA  CTGTAATGAT  845  GATAGTAGAA  GCCGTCTATT  TTTCATACTT  TTCTCATGTT  885  GATTTTCCTT  GCAGACAAAG  ACAATCTCTT Only the restriction map upstream of the gene differs from that obtained by Heyer et al. (1990) . As originally noted, this gene encodes a zinc finger motif (amino acids 486-508) that may mediate its DNA-binding activity.
RFAI
G G V Y Q V Y N T R K S D G A N S CAACAGAAAGAATTTGATCATGATTTCCGATGGTATTTACCATATGAAGGCTCT 616 43 N R K N L I M I S D G I Y H M K A L GTTGAGAAACCAAGCTGCATCCAAGT TCCAGTCAATGGAACTACAAAGGGGTG._AA 670 61 L R N Q A A S K F Q S M E L Q R G D TATCATTCGCGTGATAAT TGCAGAACCTGCTATTGTCAGGGAAAGAAAGAAATA 724 79 I I R V I I A E P A I V R E R K K Y CGTTCTTTTAGTAGATGACTTTGAGTTGGTCCAGTCGCGTGCTGATATGGTCAA 778 97 V L L V D D F E L V Q S R A D M V N CCAAACTAGTACTTTTTTGGATAACTATT TCTCAGAGCATCCAAATGAAACCTT 832 115 Q T S T F L D N Y F S E H P .N E T L AAAAGACGAAGATATAACTGACAGTGGTAATGTTGCCAATCAAACAAACGCCAG 886 133 K D E D I T D S G N V A N Q T N A S CAATGCTGGTGTCCCTGATATGCTGCATTCAAACTCAAACTTGAATGCAAATGA 940 151 N A G V P D M L H S N S N L N A N E GAGAAAATTCGCCAATGAAAACCCTAATTCGCAAAAAACCAGACCAATTTTTGC 994 169 R K F A N E N P N S Q K T R P I F A CATCGAACAACTGTCTCCATACCAAAACGTTTGGACTATCAAAGCAAGAGTTTC 1048 187 I E Q L S P Y Q N V W T I K A R V S CTACAAGGGAGAAATTAAAACGTGGCACAATCAAAGAGGTGATGGTAAACTATT 1102 205 Y K G E I K T W H N Q R G D G K L F CAATGTCAACTTCTTGGATACCTCTGGAGAAATCCGAGCCACGGCGTTTAATGA 1156 223 N V N F L D T S G E I R A T A F N D TTTTGCTACAAAATTTAACGAAAT T T TACAAGAAGGCAAAGTATACTATGTATC 1210 241 F A T K F N E I L Q E G K V Y Y V S AAAGGCAAAACTCCAACCAGCTAAGCCCCAATTTACTAATCTAACACACCCTTA 1264 259 K A K L Q P A K P Q F T N L T H P Y TGAACTGAAT TTGGATAGAGACACTGTTATAGAAGAATGT T TCGATGAAAGTAA 1318 277 E L N L D R D T V I E E C F D E S N TGTTCCGAAAACCCATTTCAATTTCATCAAACTAGATGCTAT TCAGAACCAGGA 1372 295 V P K T H F N F I K L D A I Q N Q E AGTAAATTCCAACGTAGACGTCCTCGGTATTATCCAAACTATAAACCCACATTT 1426 313 V N S N V D V L G I I Q T I N P H F TGAGCTAACTTCAAGGGCTGGGAAGAAATTCGATCGTCGTGACATCACAATTGT 1480 331 E L T S R A G K K F D R R D I T I V TGACGACTCTGGGTTTTCTATCTCTGTTGGCCTATGGAATCAGCAAGCCCTTGA 1534 349 D D S G F S I S V G L W N Q Q A L D TTTCAACCTTCCTGAAGGT TCTGT TGCTGCCAT TAAAGGTGT TCGTGTGACGGA 1588 367 F N L P E G S V A A I K G V R V T D TTTTGGTGGCAAATCTTTGTCTATGGGATTTTCTAGTACCCTGATTCCGAATCC 1642 385 F G G K S L S M G F S S T L I P N P AGAAATTCCTGAGGCATATGCCTTAAAGGGTTGGTATGATTCCAAGGGCCGCAA 1696 403 E I P E A Y A L K G W Y D $ K G R N CGCAAACT TCATCACTTTAAACCAAGAACCCGGTATGGGTGGTCAATCGGCTGC 1750 421 A N F I T L K Q E P G M G G Q S A A TAGCTTAACAAAATTCATTGC~ CAGCGTATTACTATTGCTAGAGCTCAAGCTGA 1804 439 S L T K F I A Q R I T I A R A Q A E AAATCTAGGAAGAAGCGAGAAAGGTGACT T T TT TAGTGTTAAAGCTGC TATAAG 1858 457 N L G R S E K G D F F $ V K A A I S TTTCTTAAAAGTTGATAATTTTGCATATCCTGCCTGTTCTAATGAGAATTGTAA 1912 475 F L K V D N F A Y P A C S N E N C N TAAGAAAGTTCTGGAACAGCCTGATGGTACTTGGAGATGTGAGAAGTGCGACAC 1966 493 K K V L E Q P D G T W R C E K C D T CAATAATGCAAGGCCAAAT TGGAGATACATCTTGACAATATCAAT TAT TGACGA 2020 511 N N A R P N W R Y I L T I $ I I D E AACCAATCAACTATGGCTCACTTTATTTGACGACCAAGCTAAACAATTATTGGG 2074 529 T N Q L W L T L F D D Q A K Q L L G TGTTGATGCTAATACATTAATGTCTTTGAAGGAAGAAGACCCCAACGAATT~AC 2128 547 V D A N T L M S L K E E D P N E F T AAAAATTACTCAAAGTATCCAAATGAACGAATATGACTTTAGGATTAGAGCGCG 2182 565 K I T Q S I Q M N E Y D F R I R A R TGAGGATACATACAATGATCAAAGCAGAATTAGATATACCGT TGCTAACCTACA 2236 583 E D T Y N D Q $ R I R Y T V A N L H CAGCTTGAATTACAGGGCTGAAGCCGACTATCTTGCCGATGAGTTATCCAAGGC 2290 601 S L N Y R A E A D Y L A D E L S K AA~CTATCAACCATATAACGAATATTCATCAGTAACGGGCGGT 460 4 y Q P Y N E Y S S V T G G GGCTTTGAGAACTCTGAGTCCCGCCCAGGTAGTGGGGAGTCGGAA 505 17 G F E N S E S R P G S G E S E ACTAACACTAGAGTTAACACCTTGACACCTGTGACGATCAAACAA 550 32 T N T R V N T I, T P V T I K Q ATTCTAGAGTCCAAACAGGATATTCAGGACGGCCCCTTCGTTTCG 595 47 I L E S K Q D I Q D G P F V S CATAACCAAGAACTTCATCACGfTTGTTTTGTAGGTGTGGTGAGA 640 62 H N Q E L H H V C F V G V V R AACATTACAGACCATACTGCAAATATTTTTTTAACTATTGAGGAT 685 77 N I T D H T A N I F L T I E D GGAACTGGTCAAATAGAAGTGAGAAAATGGAGCGAAGATGCAAAT 730 92 G T G Q I E V R K W S E D A N GACTTGGCTGCCGGTAACGATGACTCTTCTGGTAAAGGTTATGGT 775 107 D L A A G N D D S S G K G Y G TCGCAAGTCGCCCAACAATTTGAAATTGGCGGTTACGTAAAAGTT 820 122 S Q V A Q Q F E I G G Y V K V TTTGGTGCTTTGAAAGAGTTTGGTGGTAAGAAAAATATACAGTAT 865 137 F G A L K E F 6 G K K N I QY GCGGTGATTAAGCCCATAGATTCATTCAATGAAGTGTTGACGCAT 910 152 A V I K P I D S F N E V L T H CACT TGGAAGTCATCAAATGTCATTCCATAGCCAGTGGAATGATG 955 167 H L E V I K C H S I A S G M M AAACAACCTTTGGAGAGTGCATCCAACAACAATGGGCAATCATTA 1000 182 K Q P L E S A S N N N G Q S L TT TGTCAAGGATGATAACGATAC ATcTTccGGCTCCAGTCCGTTA 1045 197 F V K D D N D T S S G S S P L CAAAGAATTCTAGAATTTTGTAAGAAGCAATGTGAGGGCAAAGAC 1090 212 Q R I L E F C K K Q C E G K D GCTAATTCATTCGCTGTTCCC A'I TCCATTGATCTCGCAATCCTTG 1135 227 A N S F A V P I P L I S Q S L AATTTGGATGAAACTACCGTCAGAAACTGCTGTACGACCTTGACT 1180 242 N L D E T T V R N C C T T L T GACCAGGGTTT TATCTACCCAACTTTTGATGACAATAACTTCTTT 1225 257 D Q G F I Y P T F D D N N F F GCCCTATGAAAATATATAGATTATTTTTTTAGCATTTCTTAGTAT 1270 272 A L TCGTTTGTGT ATTTCTACTA GGTAAGTACC AAAATTTGCC 1310 GGAAATAGAG TGGAAAATGG AACCCGTTC 1339 XmnI
RFA3
In keeping with the original identification of this protein in yeast, we refer to the genes encoding the subunits of RF-A as RFA genes. The use of this nomenclature, rather than RPA, has the advantage of avoiding confusion with the established gene symbols for the subunits of RNA polymerase I and acidic ribosomal proteins (Riva et al. 1986; Memet et al. 1988; Mitsui and Tsurugi 1988) .
RFA2 contains an intron with consensus splice-site signals (Fig. 2, bold nucleotides) . To confirm that the message encoded by RFA2 was spliced, a cDNA product was obtained by polymerase chain reaction (PCR). Total RNA was first reverse-transcribed with random hexamer primers and reverse transcriptase, and then subjected to PCR with oligonucleotide primers flanking the putative intron (bold, underlined nucleotides in Fig. 2 ). Polyacrylamide gel electrophoresis of the reaction products revealed two specific bands at 291 and 183 bp (Fig. 3A) . The 291-bp band is predicted from the genomic sequence of RFA2. It was probably due to genomic DNA present in --1 9 0 Figure 4 . RFA1, RFA2, and RFA3 genes encode the subunits of RF-A. Total bacterial cell extract from induced cells carrying either the expression vector alone or a recombinant plasmid containing the indicated gene was separated by 17% SDS-PAGE and transferred to nitrocellulose. Strips were separated and probed with the respective affinity-purified rabbit antibody raised against the individual subunits of RF-A from S. cerevisiae. Purified RF-A was included as a control. The 50-kD band recognized by the ~69K antibody is a prominent breakdown product of the 69-kD subunit.
the RNA preparation, because it was obtained even in the absence of reverse transcriptase (Fig. 3A, lane 4) . The reverse transcriptase-dependent band of 183 bp was the size expected if it was derived from the spliced message. The sequence of this fragment, shown in Figure 3B , confirmed the exon/intron boundaries suggested by the splice site consensus sequences. The predicted RFA2 protein is 273 a m i n o acids with a molecular mass of 29.9 kD. The protein is rich in asparagine and acidic residues (calculated pI 4.6). RFA2 has no significant similarity to any protein in the current sequence data bases except for its h u m a n homolog (see below). The RFA3 gene contains a single ORF encoding 121 amino acids. The predicted protein has a molecular mass of 13.8 kD and, like RFA2, is rich in asparagine and acidic residues (calculated pI 4.5). RFA3 has no significant similarity to any protein in the current sequence data bases.
Conclusive proof that these genes encode the subunits of RF-A was provided by immunoblotting bacterially produced proteins with antibodies against yeast RF-A. The gene for each subunit was expressed in E. coli with the T7 expression system (Studier et al. 1990 ). Total cellular extracts from bacteria carrying recombinant plasmids or the T7 vector alone were subjected to SDS-PAGE and immunoblotted with affinity-purified antibodies raised against the individual subunits of RF-A purified from S. cerevisiae. As shown in Figure 4 , each antibody specifically recognized antigen encoded by the appropriate recombinant vector. The antigens were also the appropriate molecular mass as judged by comigration with authentic RF-A subunits. The protein encoded by RFA1 appears as two strong bands, perhaps due to internal translation start sites or to proteolytic degradation (Fig.  4 , second lane). The identification of the RFA genes by a method (immunoblotting) that is independent of the method used to clone them (protein sequencing) proves their identity.
RFA genes are essential
To determine whether the RF-A protein performed an essential function, most of the coding region for each of the RFA1, RFA2, and RFA3 genes was replaced by the TRP1 gene, as shown in Figure 1 . These three chromosomal deletion alleles were used individually to transplace the corresponding wild-type genes in a diploid yeast strain. Tetrad dissection of each of the three heterozygous diploids yielded no more than two viable spores, and all viable haploid spores exhibited a Trpphenotype (13, 11, and 15 tetrads, respectively, for rfal::TRP1, rfa2::TRP1, and rfa3::TRP1; data not shown). Lethality was caused by the disruption of the RFA genes because the same diploid strains gave three or four viable spores when they carried the respective gene on single or multicopy plasmids prior to sporulation (data not shown). In these cases Trp + haploids were obtained that were always prototrophic for the plasmid marker. The rescuing DNA fragments are those shown in Figure 2 , suggesting that all essential coding and promoter elements are contained on these fragments. Haploid strains carrying the disrupted RFA2 gene were rescued by a "cDNA" version of the gene in which the 279-bp XbaI genomic fragment was replaced by the 171-bp XbaI cDNA fragment obtained by PCR. These haploids had no observable phenotype, suggesting that the intron of RFA2 was not part of an important regulatory mechanism.
Inspection of the terminal phenotype by light microscopy revealed that all germinated spores, regardless of the specific gene disrupted, arrested as budded and multiply budded cells (Fig. 5) . Often the dead cells were larger than viable siblings; they appeared swollen and occasionally contained buds on buds. Dissection of individual microcolonies from each disruption revealed approximately equal numbers of budded and aberrantly budded cells (data not shown). Figure 5 indicates, however, that the number of divisions that each germinated spore was capable of undergoing differed, depending on which gene was disrupted. Loss of RFA1 resulted in the most severe arrest, usually at the 2-to 4-cell stage. Loss of RFA2 resulted in arrest at the 8-to 16-cell stage, whereas the loss of RFA3 resulted in arrest at the 16-to 32-cell stage. The simplest interpretation of these results is that the RF-A complex is essential for viability and that the individual subunits of the complex are either not present in equal amounts or they turn over at different rates.
Regulation of RFA gene expression
In S. cerevisiae most, if not all, of the genes encoding enzymes involved in DNA synthesis are expressed in a cell-cycle-dependent manner, with mRNA levels peaking at S phase. This regulation has been shown to occur at the level of transcription and to be mediated by promoter elements containing the restriction enzyme-recognition sequence for MluI (Pizzagalli et al. 1988; Lowndes et al. 1991) . M/uI recognizes a 6-bp sequence containing 4 G/C residues and, consequently, rarely cleaves in the A/T-rich DNA of yeast. We observed that this sequence occurs twice in each promoter for RFA1 and RFA2 (Fig. 2, boxed nucleotides) . Although the cleavage site is not found in the RFA3 gene, a degenerate form of the sequence is found in the RFA3 promoter (boxed in Fig. 2) . Again the sequence appears to be duplicated and in each case is a 5 out of 6 match to the authentic ACGCGT.
To determine whether the RFA genes were expressed in a cell-cycle-dependent manner, yeast cells were synchronized by release from a-factor block and samples were harvested at 15-min intervals for Northern analysis. Inspection of the budding pattern (Fig. 6A) indicates that synchrony was maintained for at least two generations. Northern blot analysis shows fluctuations in the abundance of all three RFA messages. The message for each gene peaks at 30, 90, and 150 min after release (Fig.  6B) . Each of these time points corresponds to the appearance of small budded cells. As bud emergence is taken to be a landmark for the onset of DNA replication, the expression of the three RFA genes is coordinate and appears to occur in late G~ and S phase. This expression pattern is consistent with a complex involved in DNA replication.
Similarity to h u m a n RF-A
The cDNA encoding the 34-kD subunit of h u m a n RF-A (RP-A) has been cloned and sequenced . A comparison of the h u m a n gene product to that of the 
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2 5 S -- Figure 6 . RFA1, RFA2, and RFA3 genes are coordinately expressed at the G~/S-phase boundary. Strain W303-1a was synchronized by s-factor arrest and release. Aliquots of the culture were removed at 15-min intervals and either fixed for determining the budding index (A) or processed for Northern blotting (B).
(A) (Q) Unbudded; (C)) small buds; (&) large buds. One nitrocellulose filter was probed with 32p-labeled antisense RNA specific for RFAI, RFA2, and RFA3 messages. A duplicate filter was probed with 32P-labeled antisense RNA specific for TEF21 to detect translation elongation factor 2 (EF-2) message as an internal standard. Small buds are taken to be less than half the size of the mother.
yeast RFA2 gene is shown in Figure 7 . The proteins are approximately the same size (the yeast protein is only 3 amino acids larger); however, gaps have been introduced to maximize the alignment. Overall, the proteins are 29% identical and 44% similar, allowing for conservative amino acid substitutions. The similarity extends equally throughout the length of the protein except for one segment near the center (bold in Fig. 7 ). This segment, which comprises 39 residues uninterrupted by gaps, is 49% identical and 59% similar allowing for conservative substitutions. This region may identify a functionally important domain of the protein, perhaps mediating interactions with the other subunits of RF-A. Attempts to rescue the rfa2::TRP1 deletion strain with the h u m a n cDNA failed. Diploids heterozygous for the rfa2::TRP1 allele were transformed with multicopy plasmids carrying either the h u m a n cDNA encoding the 34-kD subunit of RF-A (RP-A, provided by L. Erdile and T. Kelly) or the yeast RFA2 cDNA under the control of the inducible galactose promoter. Following growth on galactose the diploids were sporulated and dissected onto galactose-containing plates. The strain carrying the human clone yielded no more than two viable spores while the strain carrying the yeast clone yielded three or four viable spores (data not shown). Immunoblotting with monoclonal antibodies directed against the h u m a n protein indicated that the h u m a n p34 protein was expressed when induced in wild-type yeast. Furthermore, expression of the h u m a n protein had no phenotypic effect on wild-type yeast. Interestingly, yeast strains overexpressing the RFA2 gene from this inducible promoter produced smaller colonies than cells carrying the expression vector alone (data not shown). This result suggests that improper expression of an RF-A subunit is harmful to cell growth, perhaps due to interference with regulated pathways or to an imbalance in the RF-A subunits.
D i s c u s s i o n
Several lines of evidence suggest that RF-A is the primary eukaryotic single-stranded DNA-binding protein involved in DNA replication. The biochemistry of SV40 DNA replication has shown that RF-A is an essential factor involved in both the initiation and elongation stages of viral D N A replication. Studies from both human and yeast cells indicate that RF-A is a highly conserved protein in its subunit structure, DNA-binding activity, and post-translational modification. The current study describing the characterization of the genes encoding RF-A from S. cerevisiae confirms the essential nature of this protein complex in vivo. The requirement for all three genes argues that RF-A functions as a complex; the absence of any single subunit results in lethality.
The terminal phenotype of budded and multiply budded cells suggests that entry into the cell division cycle is unaffected by the loss of RF-A activity. This arrest phenotype is consistent with an S-phase defect disconnected from the budding and growth cycles of the cell. It was found that the number of divisions that each null mutant was capable of undergoing before arrest differed, Dayhoff et al. (1983) . A block of amino acids showing somewhat greater similarity than the rest of the protein is indicated in boldface type.
depending on which subunit was disrupted. One possible interpretation of this result is that the size of the microcolony reflects how frequently the individual subunits are required. For example, the 13-kD subunit may be required in a pathway that occurs rarely. The cell is then capable of undergoing many rounds of division before encountering a requirement for this subunit. However, given the consistency with which these phenotypes were exhibited, we feel that a simpler explanation is that the cells arrest at different times because of differences in the abundance of the free subunits or differences in their rate of turnover. This explanation predicts that the 13-kD subunit is either more stable or more abundant than either of the other two subunits. RF-A may perform additional functions that contribute to its null phenotype. Human RF-A has been shown to be involved in the process of DNA excision repair with a cell-flee system (Coverley et al. 1991) . It was suggested that RF-A may aid in the recognition of ssDNA at sites of DNA damage, as well as in the recruitment of DNA polymerase to the gapped template. E. coli SSB and adenovirus ssDNA-binding protein could not substitute for RF-A in these reactions, suggesting that specific protein-protein reactions are required (Coverley et al. 1991) . RF-A may also function in the process of genetic recombination similar to E. coli SSB and T4 gene 32 protein. A proteolytic fragment of the 69-kD subunit of yeast RF-A, which retained ssDNA-binding activity, was purified on the basis of its stimulation of a yeast-strand exchange protein (Heyer et al. 1990 ). Differences in the colony sizes of the null mutants may therefore be affected by the loss of an auxiliary function associated with a specific subunit.
The specific functions of the individual subunits are still unclear. The observation that the 69-kD subunit may be a zinc finger protein is consistent with its biochemical activity of binding ssDNA, and it is likely that at least one essential role of the 69-kD subunit is to stabilize ssDNA. Interestingly, if the only role of the RF-A complex was to bind to ssDNA, this should be accomplished by the 69-kD subunit alone because SSB activity is detected in the isolated subunit (Brill and Stillman 1989; Wold et al. 1989; Kenny et al. 1990 ). The requirement for both the 36-and 13-kD polypeptides indicates that RF-A is a muhifunctional complex and that the smaller subunits play other essential roles.
The protein sequences of the 36-and 13-kD subunits have not shed light on what these additional functions might be. They do not contain any obvious DNA-binding motifs nor do they share any obvious sequence motifs that might mediate their own protein-protein interactions. The interactions that maintain the subunits in a stable complex are extremely strong; the complex from both species is resistant to high concentrations (6 M) of urea. It seems reasonable that the two smaller subunits are involved in mediating protein-protein interactions with other components involved in DNA replication, repair, and recombination. It has been shown that antibodies directed against the human 34-kD subunit, as well as the 70-kD subunit, inhibit SV40 DNA replication in vitro (Kenny et al. 1990 ; S. Din and B. Stillman, in prep.) . Antibodies directed against both subunits also inhibit DNA excision repair in vitro (Coverley et al. 1991) . Although antibody binding to the 34-kD subunit may affect the DNA-binding activity of the complex, the effects of the anti-34-kD antibody may be explained more easily by the inhibition of protein-protein interactions involving the 34/36-kD subunit of RF-A. Candidates for such interacting proteins include the DNA polymerases (oL and 8), as well as other proteins involved in DNA replication such as primase, RF-C, and PCNA. In the cell, RF-A may also interact with initiation factors that function prior to the onset of DNA synthesis. The in vitro mutagenesis of RFA2 and RFA3 provides a genetic method of identifying components of the DNA replication, repair, and recombination machinery that interact with RF-A through these subunits.
Given the requirement for three intact genes, it is odd that none of the RFA genes correspond to known temperature-sensitive mutations or cdc genes in yeast. One possible explanation is that the subunits exist as individual functional domains that are so structurally restricted that single point mutations and, hence, temperature-sensitive phenotypes, are not tolerated. More likely, however, the RF-A genes are part of the "genenumber" paradox. Harris and Pringle (1991) have shown that even the use of multiple different mutagens fails to uncover essential genes that have been identified by molecular techniques. These workers suggest that differential repair processes may play a role in limiting the number of mutations that can be identified by classical genetics. On the other hand, if the arrest phenotype of the temperature-sensitive mutants resembles that of the null mutants, these mutants would be overlooked in a Cdc screen because of their complex phenotype: a mixture of budded and multiply budded cells as well as cells with buds on buds. The construction of temperaturesensitive alleles of the RFA genes by in vitro mutagenesis and reverse genetics should circumvent these problems.
The RFA genes are expressed periodically with mRNA levels peaking at the G~/S phase boundary. We believe that this regulation is mediated by known promoter elements and therefore occurs at the level of transcription. The promoters of most genes encoding proteins involved in DNA synthesis in yeast contain a single MluI site, but additional CGCG core elements have been found to be important (Pizzagalli et al. 1988; Bauer and Burgers 1990; Lowndes et al. 1991) . The promoters of both RFA1 and RFA2 contain two MluI recognition sequences. The RFA3 gene is unique in that no MluI sequence is found in its promoter, yet it maintains its S-phase regulation. Therefore, the reiteration of a more degenerate motif such as ACGCGX may be sufficient for S-phase transcriptional regulation.
In contrast to the periodic transcription of these genes, previous cell-cycle studies in yeast have shown that the levels of RFA2 protein do not fluctuate throughout the cell cycle (Din et al. 1990 ). Thus, one must question whether the transcriptional regulation seen in this family of genes is important for driving the cell cycle or whether it is simply fortuitous. Conceivably, the regulation may be important for maintaining the stoichiom° etry of essential replication components. In support of this hypothesis, we noticed that when the RFA2 gene was overexpressed on a galactose-inducible promoter, the cells were viable but formed small colonies. This effect could be due to an imbalance of subunits. The importance of balanced gene expression in protein complexes has been demonstrated previously in yeast. Meeks-Wagner and Hartwell (1986) have shown that when either pair of the yeast histone genes (H2A/H2B and H3/H4) was overexpressed relative to the other pair, cells displayed an increase in chromosome loss. Their data suggests that proper stoichiometry is required in the assembly of the nucleosome core. Similarly, the overexpression of one subunit of RF-A may result in incorrect assembly of the complex. Alternatively, the overexpression of a subunit involved in protein-protein interactions may result in the sequestering of essential factors. Further experiments will be necessary to distinguish between these possibilities.
A comparison of the human and yeast RFA2 genes indicates that little amino acid sequence is conserved between the yeast and human protein. Genetically, it is found that the human p34 subunit does not substitute for the homologous yeast protein even though the synthesis of human protein was observed by immunoblot. Given the structural and functional similarity of RF-A from both yeast and human cells, these results were unexpected. The subunits have closely maintained their relative sizes and post-translational modifications while tolerating significant changes in amino acid sequence. This suggests that there is selective pressure to maintain the overall subunit structure of RF-A. We consider the structural and functional similarity of yeast and human RF-A to be a strong argument for a common mechanism of initiation and elongation in eukaryotic DNA replication.
The SV40 system has been used as a model to biochemically identify conserved replication factors in S. cerevisiae. These factors will aid in the establishment of a yeast in vitro system for the study of eukaryotic DNA replication with chromosomal origins. The identification of RFA genes in yeast presents a complementary approach to solving this problem; a genetic analysis of RF-A should identify new factors involved in the mechanism and regulation of eukaryotic chromosomal DNA replication.
Materials and methods
Yeast strains and RF-A purification
All DNA cloning and expression experiments were performed with the standard wild-type yeast strain W303-la (Wallis et al. 1989) . Disruption experiments were performed with the isogenie diploid strain W303 by using the method of Rothstein (1983) .
RF-A was purified essentially as described (Brill and Stillman 1989) except that the starting material for the purification was dried S. cerevisiae from Sigma (YSC-1). Dried yeast (100 grams) was first rehydrated and washed once in distilled water (4°C), yielding 220 grams of yeast cells wet weight. The yield from this amount of material (400 ~g of RF-A) was essentially the same as that obtained from laboratory strains. Because the cells had been grown to saturation before drying (all cells were unbudded) the 36-kD subunit conveniently migrated in SDS-PAGE gels as a single band at the unphosphorylated position. This is expected for RF-A isolated from Gl phase cells (Din et al. 1990 ). Attempts to perform amino-terminal protein sequencing on the subunits of RF-A failed, suggesting that their termini were blocked.
Isolation of tryptic fragments and protein sequencing
Purified RF-A {250 ~g) was precipitated by the addition of TCA to 10% and incubation at 0°C for 30 min. The sample was pelleted in a microcentrifuge for 10 min and washed twice with acetone (-20°C). The visible pellet was dried briefly and 80 ~1 of 0.1 M Tris (pH 8.0) was added. The protein was solublized by the addition of 80 ~1 of 2x SDS-PAGE sample buffer, heated at 60°C for 10 min, and separated electrophoretically in three lanes (6-mm wide) of a 1.5-mm-thick 12% SDS-PAGE gel. The protein was transferred to nitrocellulose (Schleicher & Schuell, BA85) with a Hoeffer wet transblotter and 25 mM Tris/200 mM glycine/20% methanol as buffer. Transfer conditions were 0.5 amp for 2 hr at 4°C. Following transfer, the nitrocellulose was stained with Ponceau S (0.1% in 1% acetic acid) for 1 min and destained in 1% acetic acid for 2 min. Transfer of the 36-and 13-kD subunits was estimated to be essentially complete while -30% of the 69-kD subunit transferred out of the gel. The stained protein bands were excised carefully from the excess nitrocellulose, and the appropriate bands were pooled into separate microcentrifuge tubes. Proteins were destained by treatment with 0.2 N NaOH for 1 min, followed by three washes with distilled water. The nitrocellulose strips were then blocked with 1.2 ml of 0.5% polyvinylpyrrolidone-40 (PVP-40) in 0.1 M acetic acid for 30 rain, washed six times with distilled water, and diced into 1 x l-ram squares. The remaining water was removed, and 75, 60, and 40 ~1 of 0.1 M NaHCO3 (pH 7.9)/ acetonitrile {95 : 5 by volume) were added, respectively, to the tubes containing the 69-, 36-, and 13-kD subunits. Trypsin (3.5, 3.5, and 1.6 ~1) (1 mg/ml in 1 mM HC1; Worthington, TPCK treated) was added, respectively, to the tubes and the samples were incubated at 37°C for 16 hr. This reaction was estimated to have an enzyme-substrate ratio of 1 : 20 (wt/wt). The supernatant was removed, and the nitrocellulose chips were washed with an equal volume of 0.1 M NaHCO3 (pH 7.9)/acetonitrile (95 : 5 by volume). The supernatants were pooled and frozen at -20oc.
Reverse-phase chromatography was performed on a HewlettPackard 1090 liquid chromatograph with a 2.1 x 220-mm Aquapore RP-300 column {C8 resin, Applied Biosystems). Columns were run at room temperature with a flow rate of 0.1 ml/min and the following conditions: isocratic at 5% B for 15 min; a linear gradient from 5-50% B in 45 min; and a linear gradient from 50% to 100% B in 20 min. Solvent A is 0.1% trifluoroacetic acid (TFA), and solvent B is 70% acetonitrile with 0.06% TFA. Before injection the sample was clarified by centrifugation and acidified by the addition of 10 ~1 of 10% TFA. Peptide absorbance was monitored at 215 nm, and 100-~1 fractions were collected throughout the run. Typically, major peptide peaks eluted at 25--45% B. Peak fractions were sequenced directly without concentration on an Applied Biosysterns model 475 automated sequencer with an on-line 120A HPLC PTH analyzer. Typical initial yields for the amino acid sequencer were in the range of 5-25 pmoles.
Cloning the RFA genes RFA1 The amino acid sequence of peptide VLEQPDGTWR was used to design the 64-fold degenerate 21-mer oligonucleotide RFAI-1 (5'-GARCA RCCWG AYGGW ACWTG G-3').
Abbreviations: (R) A/G; (W) A/T; (Y) C/T; (N) A/C/G/T; (D)
A/G/T. Oligonucleotide RFA1-1 hybridized strongly to a single 5.3-kb EcoRI band on low-stringency Southern blots (final wash, 46°C/6 x SSC/0.1% SDS). This 5.3-kb EcoRI band was obtained from a size-selected genomic EcoRI plasmid library in pBluescript SK-(plasmid pJM101). DNA sequencing revealed an ORF, containing an amino acid sequence corresponding to that of the original peptide. However, the ORF continued past the EcoRI site. A large (13.3-kb) DNA fragment containing RFA1 was identified by using the insert to pJM101 to screen aHindIII partial genomic plasmid library constructed from strain SP-1 (provided by M. Wigler). Extensive restriction mapping and sequencing localized the RFAI gene to a 2.6-kb PstI-HindIII fragment. This fragment was isolated from a size-selected PstIHindIII genomic library from strain W303-1a in SK+ (pJM112) and used as template for DNA sequencing. All DNA sequencing was performed with Sequenase (U.S. Biochemical). Directional deletions were made with exonuclease and S 1 nuclease.
RFA2 PCR primers were designed by using sequence information from each end of a single long peptide, KWSEDAND-LAAGNDDSSGK, that was obtained by amino acid sequencing. The advantage of the use of PCR within a single peptide is that the size of the correct PCR product can be predicted precisely.
The use of the 128-fold degenerate 28-mer oligonucleotide, 36-1W1 (5'-ATCTC GAGAA RTGGT CNGAR GAYGC NAA-3'), and the 512-fold degenerate 29-mer oligonucleotide, 36-1 C1 (5'-TAGGA TCCYT TWCCN GANGA RTCRT CRTT-3'), predicted a 73-bp product following amplification of genomic DNA. All PCR reactions were performed under the following conditions: 50-~1 reaction volume containing 100 pmoles of each primer, 2.5 units of AmpliTaq (Perkin-Elmer) polymerase, and buffer conditions according to the manufacturer. The PCR reaction (95°C for 30 sec/45°C for 1 min/65°C for 1 min/30 cycles) was carried out on 25 ng of yeast DNA and resulted in two major bands, one of which was -73 bp as judged by an 8% PAGE gel. This band was eluted from the gel. Following digestion with XhoI and BamHI, the fragment was cloned and sequenced and found to contain an ORF with the same internal amino acid sequence as that of the original peptide. When the 73-bp band was used as a probe on Southern blots, it detected a single 3.8-kb EcoRI band (final wash, 55°C/0.5x SSC/0.1% SDS). This fragment was obtained from a size-selected genomic EcoRI plasmid library (pJM201) and found to contain a large ORF with matches to additional peptide sequences. However, the ORF again extended past the EcoRI site. Further Southern blotting revealed that the ORF was contained on a 5.2-kb HindIII fragment. This fragment was isolated from a size-selected genomic HindIII plasmid library (pJM205) and found to contain the entire RFA2 gene within the PstI and XmnI sites.
RFA2 cDNA Fifteen micrograms of total yeast nucleic acid, isolated as described (Brill and Sternglanz 1988) , was reversetranscribed in a 75-~1 reaction containing 0.1 mg/ml of random hexamer primers (Pharmacia), l x RT buffer (BRL), 0.5 mM dNTPs, 60 units of RNasin (Promega), and 400 units of Moloney murine leukemia virus (MoMLV) reverse transcriptase (BRL). The reaction proceeded for 60 min at 37°C before the nucleic acids were precipitated by the addition of 225 ~1 of TE, 1 ~g of tRNA, 100 ~1 of 2.3 M NaC104, and 200 ~1 of isopropanol. The precipitate was centrifuged for 15 rain, washed with 70% ethanol, dried, and resuspended in 50 ~1 of TE. Ten microliters of the first-strand reaction products were subjected to PCR (94°C for 0.5 min/50°C for 1 min/72°C for 1 rain/30 cycles) by using as primers the 21-mer oligonucleotide, RFA2-1 (5'-CTATC TAGAA CAGGC TAGTT T-3'), and the 24-mer oligonucleotide, RFA2-2 (5'-GACTC TAGAA TTTGT TTGAT CGTC-3'). The products from this reaction, 183-and 291-bp fragments, were isolated from a 5% PAGE gel, digested with XbaI, and subcloned into pSK + (pJM220 and pJM221, respectively). Plasmid pJM214 contains the 1.2-kb ClaI-XmnI fragment of RFA2 ligated into the ClaI and EcoRV sites of pSK+ in which the genomic XbaI fragment is replaced by the cDNA XbaI fragment from pJM220.
RFA3 PCR primers were designed by using sequence information from each end of a single long peptide, SQPTESQ-LILQSPTISWK, that was obtained by amino acid sequencing. The W at position 17 was in error and resulted in a single mismatch in the corresponding oligonucleotide. The use of the 256-fold degenerate 28-mer oligonucleotide, 13-4W (5'-TAGGA TC-CCA RCCWA CWGAR TCNCA RYT-3'), and the 96-fold degenerate 26-mer oligonucleotide, 13-5C (5'-ATCTC GAGYT TCCAN GADAT WGTWG G-3'), predicted a 67-bp product following amplification of genomic DNA. The PCR reaction (94°C for 1.5 min/45°C for 1.5 min/72°C for 1 min/30 cycles) was carried out on 10 ng of yeast DNA and resulted in three major bands, one of which was ~67 bp as judged by an 8% PAGE gel. This band was eluted from the gel. Following digestion with XhoI and BamHI, the fragment was cloned and se-quenced and found to contain an ORF with the same internal amino acid sequence as that of the original peptide. When the 67-bp band was used as a probe on Southern blots it detected a single 7-kb EcoRI band (final wash, 55°C/0.1 x SSC/0.1% SDS). This fragment was obtained from a size-selected genomic EcoRI plasmid library (pJM301), and the region of hybridization narrowed to a 1.0-kb HindIII fragment. Sequence of this region revealed an ORF with matches to additional peptide sequences. The complete gene was found to be contained on a PvulI-EcoRV fragment (pJM318).
Physical mapping
A set of DNAs on nylon filters from ~1000 overlapping yeast clones in phage ~ was provided by Linda Riles and Maynard Olson (Washington University, St. Louis). Random hexamerlabeled probes were made from the fragments shown in Figure 2 . The RFA1 probe detected ~ clones 4236 and 4239, the RFA2 probe detected ~ clones 5413 and 6742, and the RFA3 probe detected ~ clone 6699.
Plasmid constructions
Plasmids pJM118, pJM223, and pJM329 contain, respectively, the RFAI, RFA2, and RFA3 genes or cDNA under the control of the phage T7 promoter and are described below. Plasmid pJM106, which contains the 2.6-kb PstI-HindlI fragment of RFA1 cloned into the polylinker of pVT102L (Vernet et al. 1987) , was digested with MluI and subjected to Bal31 exonuclease, XhoI digestion, Klenow flushing, and self-ligation. The plasmid pJM106A10 was recovered, in which nucleotide number 450 of RFAI is fused to the polylinker of pVTI02L. The 1.9-kb XbaI-ScaI fragment of pJM106A10 was ligated into the NheI site and the filled-in BamHI site of pET1 la (Studier et al. 1990 ) to create pJM118. The protein encoded by this construction replaces the first 4 amino acids of RFA1 with the amino acids MARRAPR encoded by the polylinker.
Plasmid pJM214 (0.2 ~g) containing the RFA2 eDNA, was used as template for PCR using as primers the 22-mer oligonucleotide, RFA2T7-1 (5'-ATGCA TATGG CAACC TATCA AC-3'), and the reverse sequencing primer (5'-AACAG CTATG AC-CAT G-3'). Following PCR (94°C for 0.5 min/50°C for 1 rain/ 72°C for 2 min/10 cycles), the 1.1-kb product was digested with NdeI and BamHI and ligated into the NdeI and BamHI sites of pET1 la to create pJM223.
Plasmid pJM318 (0.2 ~g) was used as template for PCR by using as primers the 22-mer oligonucleotide, RFA3T7-1 (5'-AT-GCA TATGG CCAGC GAAAC AC-3'}, and the reverse sequencing primer (5'-AACAG CTATG ACCAT G-3'). Under the conditions described above, a 0.73-kb product was obtained, digested with NdeI and BamHI, and ligated into the NdeI and BamHI sites of pET1 la to create pJM329.
Plasmids pJMl 11, pJM211, and pJM317 contain the alleles rfal::TRPl, rfa2::TRP1, and rfa3::TRP1, respectively, and are described below. Plasmid pJMlll contains the 5.1-kb XhoIBamHI fragment of RFA1 in pSK-in which the 1.45-kb EcoRV-EcoRI fragment is replaced by the 0.83-kb EcoRI-StuI fragment of TRP1. The allele was transplaced by transformation of 2.5 ~g of pJMlll DNA following XhoI-BamHI digestion. Plasmid pJM211 is the 4.4-kb SacI of RFA2 cloned into pSK + in which the 530-bp HpaI-EcoRI is replaced by the 0.83-kb EcoRIStuI of TRPI. The allele was transplaced by transformation of 2.5 ~g of pJM211 DNA following SacI digestion. Plasmid pJM317 was constructed by replacing the 0.3-kb MscI-HindIII of pJM301 with the 0.83-kb TRP1 gene on a SmaI-HindIII fragment. The allele was transplaced by transformation of 2.5 ~g of pJM317 DNA following EcoRI digestion. All disruptions were verified by Southern blotting.
Plasmids pJM217 and pJM403 are galactose expression plasmids. Plasmid pJM217 contains the 1.1-kb SalI-BamHI fragment of pJM214 cloned into the SalI and BamHI sites of YEp51. Plasmid pJM403 was constructed by moving the EcoRI fragment of the human RP-A 32-kD subunit (pLE1; Erdile et al. 1990 ) into YEp51 on a SalI-BamHI fragment.
Bacterial expression
The vector plasmid pETlla and the recombinant plasmids pJM118, pJM223, and pJM329 were transformed into bacterial strain BL21(DE3) in which T7 RNA polymerase is under the control of the lacUV5 promoter (Studier et al. 1990 ). When the cultures reached an OD6o o of 0.6 the cells were induced by the addition of IPTG to 0.4 mM for 2 hr, pelleted, and resuspended in one-tenth volume of TE. An equal volume of 2x SDS-PAGE sample buffer was quickly added, and the sample was heated at 100°C for 5 min. Samples were sonicated for 20 sec to shear chromosomal DNA and 5 ~1 (-10 ~g of protein, RFA1, and RFA3) or 1 jzl (-2 ~g of protein, RFA2) was subjected to electrophoresis on a 1.5-mm-thick 17% SDS-PAGE gel and transferred to nitrocellulose. As a control, -0.5 ~g of RF-A was run alongside each sample. The nitrocellulose was stained with Ponceau S to visualize the lanes that were separated and incubated with a 1 : 100 dilution of the appropriate affinity-purified rabbit antibody raised against the individual subunits of yeast RF-A. The nitrocellulose strips were washed, incubated with a 1 : 1000 dilution of 12SI-labeled goat anti-rabbit (ICN) as secondary antibody, washed again, and exposed to film.
Yeast cell-cycle expression
Yeast was grown at 30°C in 150 ml of YPD (1% yeast extract, 2% peptone, 2% dextrose) to an OD6o o of 1.0 and was arrested by the addition of Q-factor (Sigma) to 2.4 ~M. After 100 min, the cells were pelleted in a clinical centrifuge, washed once with 10 ml of YPD, and resuspended in 200 ml of YPD at 30°C. Thirteen-milliliter samples were taken every 15 min into 15-ml polypropylene tubes, quickly pelleted, and frozen at -70°C. Simultaneously, 25 ~1 of each aliquot was fixed with an equal volume of 3.7% formaldehyde/0.15 M NaC1 for microscopy. Isolation of nucleic acids and Northern analysis was performed essentially as described (Brill and Sternglanz 1988) .
